Muscle lesions are the most common category of injuries in athletes and comprise approximately 10% to 55% of all injuries.^[@bibr5-1941738113480934],[@bibr18-1941738113480934],[@bibr28-1941738113480934],[@bibr35-1941738113480934]^ The majority of muscle injuries (\>90%) are contusions or strains, while lacerations are much less common.^[@bibr35-1941738113480934]^ The most severe types can produce chronic pain, dysfunction, recurrence, and even compartment syndrome. A thorough understanding of these types of injuries is needed, since appropriate injury management may determine the difference between an early return to sport and a delayed return.

Basic Anatomy and Physiology of Skeletal Muscle {#section5-1941738113480934}
===============================================

Skeletal muscle is a composite of multiple muscle fibers (myofibers) arranged in bundles within a connective tissue network ([Figure 1](#fig1-1941738113480934){ref-type="fig"}). At the basic level, each myofiber contains a contractile element called the myofibril. Actin and myosin protein filaments are arranged in repeating units within the myofibril to form the sarcomere, which extends from Z-line to Z-line within the myofibril.^[@bibr19-1941738113480934]^ The sarcomere is the basic unit of the myofibril and gives skeletal muscle its distinctive striated appearance.

![Skeletal muscle anatomy from the gross to the microscopic level. Reprinted with permission from Clanton and Coupe.^[@bibr13-1941738113480934]^](10.1177_1941738113480934-fig1){#fig1-1941738113480934}

Each myofiber is surrounded by a sarcolemma (plasma membrane) and is further enclosed by a basement membrane that forms the endomysium. The endomysium is contiguous with the perimysium, which surrounds the muscle bundles. Ensheathing the muscle in its entirety is the tough epimysium, which is made up of multiple fascicles.^[@bibr13-1941738113480934]^

Myofibers are attached at both ends of the muscle to tendons and tendon-like fascia, forming what are known as myotendinous junctions (MTJs).^[@bibr62-1941738113480934]^ These MTJs are necessarily durable, with the ability to resist forces of up to 1000 kg,^[@bibr5-1941738113480934],[@bibr19-1941738113480934],[@bibr62-1941738113480934]^ which can be experienced during activity and locomotion.

Muscle Fiber Type {#section6-1941738113480934}
-----------------

Skeletal muscle is often characterized as either fast-twitch (type II) or slow-twitch (type I). This distinction is a function of the length of time for the motor unit to reach peak tension and has important clinical significance.^[@bibr18-1941738113480934],[@bibr20-1941738113480934]^ Type I fibers rely predominantly on aerobic metabolism (long-distance running), whereas type II fibers are dependent on anaerobic metabolism (sprinting). Type II muscle fibers can generate greater muscular contraction but fatigue more rapidly than type I fibers.^[@bibr20-1941738113480934]^ Type II muscle fibers are also more prone to injury, since they play a larger role during high-speed and power activities, such as sprinting, football, basketball, soccer, and weight lifting.^[@bibr48-1941738113480934]^

Pathophysiology of Muscle Injury {#section7-1941738113480934}
================================

Muscle injury tends to occur through 2 main mechanisms: (1) the muscle is subjected to a sudden large direct, compressive force, resulting in a contusion or (2) the muscle is subjected to an excessive tensile force, resulting in injury to the myofibers and possible rupture, commonly near the MTJ.^[@bibr35-1941738113480934]^ For a strain injury to occur, the muscle must be stretched beyond its resting length.^[@bibr21-1941738113480934]^

Muscle contusions can occur in any muscle group subjected to a direct blow. Strains, however, tend to occur in muscles that cross 2 joints, such as the rectus femoris, the hamstrings, and the gastrocnemius muscles.^[@bibr18-1941738113480934]^ Muscles that cross 2 joints can generate higher levels of tension by passive joint positioning, as compared with muscles that only cross a single joint.^[@bibr48-1941738113480934]^ Once muscle injury has occurred, healing progresses through 3 distinct phases, regardless of the etiology (contusion, strain, or laceration).^[@bibr32-1941738113480934],[@bibr35-1941738113480934]^ These phases are: (1) destruction, (2) repair, and (3) remodeling ([Figure 2](#fig2-1941738113480934){ref-type="fig"}).

![Schematic of skeletal muscle healing. Day 2: Necrotic muscle tissue is removed by macrophages while fibroblasts form scar tissue in the central zone (CZ). Day 3: Satellite cells are activated within the basal lamina cylinders in the regeneration zone (RZ). Day 5: Myoblasts fuse into myotubes in the RZ and scar tissue in the CZ is now denser. Day 7: Regenerating muscle cells migrate into the CZ and begin to pierce through the scar. Day 14: The scar of the CZ is reduced in size, and the regenerating myofibers close the CZ gap. Day 21: The interlacing myofibers are virtually fused with little intervening connective tissue (scar) in between. Reprinted with permission from Järvinen et al.^[@bibr35-1941738113480934]^](10.1177_1941738113480934-fig2){#fig2-1941738113480934}

Destruction (Inflammatory) Phase (First Week After Injury) {#section8-1941738113480934}
----------------------------------------------------------

This is characterized by rupture of the myofibers, hematoma formation, and inflammation.^[@bibr35-1941738113480934]^ During muscle injury, the sarcoplasm is disrupted, leading to local necrosis; this process is limited from spreading along the length of the myofiber by the contraction band. This band restricts access to the plasma membrane defect, which, in conjunction with lysosomal vesicles, allows for plasma membrane repair (ie, resealing of the sarcolemma).^[@bibr13-1941738113480934],[@bibr26-1941738113480934]^ Muscle injury also results in local blood vessel injury and subsequent hematoma formation between the myofiber stumps. This sequence initiates an inflammatory cascade in which macrophages play an early, primary role.^[@bibr36-1941738113480934],[@bibr62-1941738113480934]^

Repair (Weeks 2-6 After Injury) and Remodeling Phase (Week 7-Several Months After Injury) {#section9-1941738113480934}
-----------------------------------------------------------------------------------------

These stages aid in myofiber regeneration as well as connective tissue scar formation. The degree of motor recovery will be determined by the balance struck between muscle healing and fibrosis.^[@bibr35-1941738113480934]^

### Muscle Regeneration {#section10-1941738113480934}

Satellite cells are undifferentiated cells located between the sarcolemma and the basal lamina of each myofiber that play an integral role in the regeneration of muscle.^[@bibr35-1941738113480934]^ During the adult stages of development, these cells lay quiescent until the time of injury when they re-enter the cell cycle.^[@bibr34-1941738113480934]^ Satellite cells can proliferate and mature into myoblasts, which can form multinucleated myotubes and ultimately myofibers. The ends of the ruptured myofibers are typically prevented from reuniting completely by the scar tissue that forms during healing. In this scenario, the ends of the repaired fibers attach to the extracellular matrix of the scar by adhesion molecules at the MTJs.^[@bibr29-1941738113480934],[@bibr35-1941738113480934],[@bibr36-1941738113480934]^

### Scar Formation {#section11-1941738113480934}

The process of scar formation begins almost immediately following injury. Inflammatory cells degrade the blood clot while fibrin/fibronectin cross-links form an initial extracellular matrix (ECM) that functions as an initial scaffold to support a reparative response.^[@bibr29-1941738113480934],[@bibr35-1941738113480934]^ Immature scar tissue is predominantly composed of type III collagen, which is susceptible to reinjury.^[@bibr37-1941738113480934],[@bibr56-1941738113480934]^ With time, the addition of type I collagen significantly increases the tensile strength of the connective tissue scar.^[@bibr37-1941738113480934],[@bibr41-1941738113480934],[@bibr42-1941738113480934]^ Neoangiogenesis and regeneration of intramuscular neural units are also critical steps that occur during the repair phase.^[@bibr30-1941738113480934],[@bibr31-1941738113480934],[@bibr53-1941738113480934],[@bibr63-1941738113480934]^ In cases of excessive fibroblast proliferation, exuberant scar tissue can form; this may be seen in rerupture or major trauma.^[@bibr18-1941738113480934],[@bibr35-1941738113480934]^

Classification of Muscle Injuries {#section12-1941738113480934}
---------------------------------

A consensus classification system for muscle injury currently does not exist. A simple system classifies muscle injuries (strains or contusions) as mild, moderate, or severe based on clinical criteria ([Figures 3](#fig3-1941738113480934){ref-type="fig"}-[5](#fig5-1941738113480934){ref-type="fig"}).^[@bibr12-1941738113480934],[@bibr48-1941738113480934]^ Mild muscle injuries (first degree/grade I) present with minor swelling and discomfort with little or no loss of strength or range of motion, which represents minimal tearing of muscle fibers. Moderate muscle injuries (second degree/grade II) are associated with loss of motor function (ie, inability to fully contract the muscle group and limited range of motion). Severe (third degree/grade III) muscle injuries have complete loss of motor function, indicating complete rupture of the muscle.^[@bibr12-1941738113480934],[@bibr32-1941738113480934],[@bibr35-1941738113480934]^

![Coronal MRI T2 fat-suppressed image demonstrating high-grade acute muscle strain of the left proximal hamstring.](10.1177_1941738113480934-fig3){#fig3-1941738113480934}

![Coronal MRI T1-weighted image of the same injury.](10.1177_1941738113480934-fig4){#fig4-1941738113480934}

![Coronal MRI T2 fat-suppressed image demonstrating low-grade muscle strain of the left biceps femoris.](10.1177_1941738113480934-fig5){#fig5-1941738113480934}

Treatment {#section13-1941738113480934}
=========

Rest, Ice, Compression, Elevation {#section14-1941738113480934}
---------------------------------

Rest, ice, compression, and elevation (RICE) is the initial line of therapy despite no randomized, controlled trial demonstrating its effectiveness to treat soft tissue injuries.

### Immobilization Versus Mobilization {#section15-1941738113480934}

Early mobilization versus immobilization of an injured muscle has been controversial. In a recently published animal model,^[@bibr39-1941738113480934]^ contusions of the gastrocnemii of rats were produced using a drop-ball technique. Half of the animals were immobilized in a plaster cast, while the other half were immediately mobilized on a running wheel. Nerve fiber density and myotubule formation were significantly higher and lymphocyte density was decreased in the early mobilization group, thereby suggesting that mobilization promoted an improved healing response. Other data, however, have suggested that immobilization may prevent further retraction of the ruptured muscle stumps, thereby reducing gaps between the tissue and the size of the scar formed. Immobilization may allow for the formation of a collagen scaffold through which satellite cells can migrate.^[@bibr33-1941738113480934],[@bibr35-1941738113480934]^

Prolonged immobilization can lead to excessive scarring,^[@bibr56-1941738113480934]^ resulting in decreased load to failure.^[@bibr48-1941738113480934]^ Järvinen and Lehto^[@bibr34-1941738113480934]^ recommend initial immobilization followed by early mobilization as a means of orienting regenerating muscle fibers through connective tissue that forms concomitantly, while limiting adhesions.

The position of immobilization has also been debated. A recent study of immobilization of the knee in 120° of flexion following a quadriceps contusion utilized a select population (midshipmen in the United States Naval Academy) and did not have a control group. The degree of injury was not graded. The mean time to return to unrestricted athletic activity was 3.5 days, which was an improvement over historical results.^[@bibr2-1941738113480934]^

### Ice {#section16-1941738113480934}

Limited evidence in humans suggests cryotherapy may improve pain and function in muscle strains.^[@bibr14-1941738113480934]^ In animal models, cryotherapy decreases inflammation, tissue necrosis, and hematoma size after muscle injury.^[@bibr16-1941738113480934],[@bibr31-1941738113480934],[@bibr58-1941738113480934]^ Prolonged cryotherapy attenuates microcirculatory impairment after injury in rats.^[@bibr58-1941738113480934]^

### Compression {#section17-1941738113480934}

The application of a maximum compression bandage within 5 minutes of a muscle trauma did not significantly reduce the size of the hematoma or shorten the time to complete subjective recovery.^[@bibr61-1941738113480934]^

### Elevation {#section18-1941738113480934}

Elevation of soft tissue injury has not been rigorously tested; the rationale is that it will decrease hydrostatic pressure and local edema.^[@bibr36-1941738113480934]^

Pharmacotherapy {#section19-1941738113480934}
---------------

### Nonsteroidal Anti-Inflammatory Drugs {#section20-1941738113480934}

The inflammatory stage of repair is characterized by a cytokine cascade that mobilizes cells and bioactive factors to the site of injury. Although the inflammation phase is critical to healing, it is associated with pain and swelling that exacerbates injury and limits function.

The mechanism of action of nonsteroidal anti-inflammatory drugs (NSAIDs) is cyclo-oxygenase inhibition, which limits prostaglandin production from arachidonic acid. NSAID use prevents an exaggerated inflammatory response after injury and provides for analgesic benefit as well. NSAID use can limit prostaglandin levels and edema after injury.^[@bibr65-1941738113480934]^ Recent translational data, however, demonstrate that initial benefits from NSAID use may ultimately result in diminished outcomes.^[@bibr47-1941738113480934],[@bibr50-1941738113480934],[@bibr55-1941738113480934]^ Piroxicam did not adversely affect strength recovery at 1 week in a rabbit muscle strain injury model but did lead to delays in repair, delayed degradation of damaged tissue, and attenuated muscle regeneration.^[@bibr50-1941738113480934]^ In a rabbit strain injury model, flurbiprofen positively affected contractile properties and histology in 7 days but led to functional losses in 28 days.^[@bibr47-1941738113480934]^ A double-blind, randomized trial of acute hamstring strains treated with meclofenamate and diclofenac demonstrated no benefit in pain (visual analog scale), swelling (thigh circumference), or isokinetic performance.

The utility of NSAIDs may be more pronounced for eccentrically induced muscle soreness. Naproxen improved recovery after eccentric exercise by blunting the inflammatory response and may improve early management of contusion injuries as well.^[@bibr17-1941738113480934],[@bibr52-1941738113480934]^

Regular use of *intramuscular* NSAIDs is not recommended because of potentially elevated drug levels and the risk of infection and muscle necrosis (Nicolau syndrome).^[@bibr24-1941738113480934],[@bibr51-1941738113480934]^ Three days of oral NSAIDs for higher grade muscle injury has demonstrated benefits after injury in animal studies.^[@bibr47-1941738113480934],[@bibr50-1941738113480934]^

### Steroids (Glucocorticoids) {#section21-1941738113480934}

Glucocorticoid use for muscle injuries is controversial. Animal models showed delays in removal of hematoma and necrotic tissue with retardation of muscle regeneration.^[@bibr7-1941738113480934]^ Corticosteroid treatment of muscle contusions in a rat model demonstrated early improvement in motor strength but irreversible damage to the healing muscle group in the long term, including disordered fiber structure and strength diminution.^[@bibr7-1941738113480934]^ A single injection of dexamethasone after muscle strain injury in rats led to reductions in interleukin-1ß and transforming growth factor-ß1 (TGF-ß1) with improved contractility in the initial stages of recovery; no adverse effects were seen in the long term.^[@bibr23-1941738113480934]^

In a case series of 3 professional baseball pitchers with internal oblique muscle injuries (but without controls), ultrasound-guided injection of steroid and local anesthetic led to significant pain relief within days, the ability to pitch at full speed within 3 weeks, and return to play by 5 weeks.^[@bibr59-1941738113480934]^ Positive results were also reported with intramuscular corticosteroid injection for hamstring injuries in professional football players.^[@bibr43-1941738113480934]^ Eighty-four percent of players with severe hamstring injuries with palpable defects were able to return to play without missing any games and with no strength deficits at final examination.

### Topical Anesthetic Use {#section22-1941738113480934}

A single, 8-hour application of methyl salicylate and 1 menthol patch can provide significant pain relief.^[@bibr27-1941738113480934]^

Experimental Pharmacologic Agents {#section23-1941738113480934}
---------------------------------

### Platelet-Rich Plasma {#section24-1941738113480934}

High-quality clinical studies of platelet-rich plasma (PRP) for muscle injuries do not yet exist. In an abstract presented in 2005, ultrasound-guided injections of PRP in 22 muscle injuries produced no complications and full functional recovery in half of the expected recovery time.^[@bibr57-1941738113480934]^ This study, however, had no control group and provided no details regarding methodology or outcome measures. In a rat model, faster recovery with PRP for tibialis anterior strain injury has been reported.^[@bibr25-1941738113480934]^

### Curcumin {#section25-1941738113480934}

Oral curcumin (an element in the Indian spice tumeric; NF-kappa B inhibitor) improved recovery of running performance, blunting of the inflammatory cytokine, and creatine kinase levels after extended activity in an animal model.^[@bibr15-1941738113480934]^ Positive effects of curcumin on myogenesis were also seen after trauma.^[@bibr60-1941738113480934]^

### Angiotensin II Receptor Blockers {#section26-1941738113480934}

Angiotensin receptor blockers inhibit TGF-ß1, a key cytokine in skeletal muscle fibrosis.^[@bibr44-1941738113480934]^ Angiotensin receptor blocker (losartan)--treated mice exhibit dose-dependent muscle regeneration and diminished fibrous tissue formation.^[@bibr4-1941738113480934]^

### Suramin {#section27-1941738113480934}

Suramin is an antiparasitic and antineoplastic agent that can inhibit TGF-ß1 activity. This agent can improve motor recovery and decrease fibrous scar formation after both contusion and strain injuries in animals.^[@bibr11-1941738113480934],[@bibr49-1941738113480934]^ In vitro trials demonstrate enhanced myoblast and muscle-derived stem cell (MDSC) differentiation while inhibiting the negative effects of myostatin on myogenic differentiation.^[@bibr49-1941738113480934]^

Alternative Modalities {#section28-1941738113480934}
----------------------

### Therapeutic Ultrasound {#section29-1941738113480934}

Ultrasound has been promoted as a potential treatment modality for muscle injury, for both pain relief and muscle regeneration.^[@bibr5-1941738113480934],[@bibr19-1941738113480934],[@bibr64-1941738113480934]^ However, little data exist to support its use. In a recent study using a rat contusion model, daily therapeutic ultrasound had no effect on muscle healing or regeneration.^[@bibr65-1941738113480934]^ Earlier translational work demonstrated that pulsed ultrasound could promote satellite cell proliferation, although this modality did not have a significant effect on the overall morphological manifestations of muscle regeneration.^[@bibr54-1941738113480934]^ Finally, the combination of ultrasound and exercise showed no benefit to skeletal muscle regeneration after contusion injury.^[@bibr46-1941738113480934]^ Thus, despite its widespread use, the benefits of therapeutic ultrasound have yet to be confirmed in practice.

### Hyperbaric Oxygen Therapy {#section30-1941738113480934}

Hyperbaric oxygen therapy has received a great deal of attention in recent years. Early reports cited accelerated muscle recovery after stretch injury in rabbits and enhanced strength recovery from delayed-onset muscle soreness (DOMS) in humans.^[@bibr9-1941738113480934]^ However, a recent Cochrane Database meta-analysis concluded that there was insufficient evidence to support its use for muscle injuries and that it may increase pain in DOMS.^[@bibr8-1941738113480934]^

Complications of Muscle Injuries {#section31-1941738113480934}
================================

Myositis Ossificans (Posttraumatic Calcific Metaplasia) {#section32-1941738113480934}
-------------------------------------------------------

Myositis ossificans can occur in any muscle group but is most common in the quadriceps and the brachialis.^[@bibr3-1941738113480934],[@bibr22-1941738113480934]^ The incidence is highest in contact sports where protection is limited. Individuals with bleeding disorders may also be at increased risk.^[@bibr6-1941738113480934]^ The cause of myositis ossificans is not known; myoblasts may be the cause response to bone morphogenetic protein (BMP) signaling.^[@bibr38-1941738113480934]^ Additionally, endothelial precursor cells contribute to all stages of heterotopic ossification in animals.^[@bibr45-1941738113480934]^ Clinical factors including early vigorous massage and excessive mobilization may also contribute.^[@bibr40-1941738113480934]^ However, full motion and return to normal activity may occur despite heterotic bone exostosis.^[@bibr2-1941738113480934]^

Optimal treatment and prevention are unknown. No data exist to support indomethacin for myositis ossificans prevention. Surgical excision may be necessary for symptomatic myositis ossificans.^[@bibr5-1941738113480934]^ Surgical timing is critical---a year-long wait from the time of injury may be necessary to ensure full maturation of the lesion and thereby minimize recurrence.

Conclusion {#section33-1941738113480934}
==========

Most muscle injuries will respond to conservative management.^[@bibr3-1941738113480934],[@bibr5-1941738113480934],[@bibr13-1941738113480934],[@bibr48-1941738113480934]^ Although commonly recommended, there is little evidence to support the RICE principles.^[@bibr10-1941738113480934]^ Early mobilization for lower grade injuries and brief (1-3 days) immobilization of the extremity for higher grade injuries appear to be beneficial.^[@bibr33-1941738113480934][@bibr34-1941738113480934]-[@bibr35-1941738113480934],[@bibr39-1941738113480934],[@bibr48-1941738113480934],[@bibr56-1941738113480934]^ A single corticosteroid injection may play a role in the recovery from acute muscle injuires.^[@bibr7-1941738113480934],[@bibr43-1941738113480934],[@bibr59-1941738113480934]^ Other adjunctive therapies hold promise for improving muscle healing and limiting scar formation, but further research is needed to define their roles.^[@bibr9-1941738113480934],[@bibr11-1941738113480934],[@bibr44-1941738113480934],[@bibr49-1941738113480934],[@bibr50-1941738113480934],[@bibr57-1941738113480934],[@bibr65-1941738113480934]^
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